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ABSTRACT 
A literature review is presented in which stimulus deprivation 
amblyopia is discussed. Additionally, the review of literature covers 
aspects of attentional and motivational effects on stimulus 
deprivation amblyopia. Although the experimental design originally 
intended to induce amblyopia in six kittens born june 14, 1992, only 
two survived to become subjects in the study. The two kittens were 
monocularly deprived of light stimulation by wearing an opaque 
contact lens on the right eye during six hours of light exposure per 
day, five days per week, beginning at four weeks of age. At all other 
times, including the first four weeks of life, they were kept in the 
dark. Beginning at eleven weeks of age, the kittens were 
motivationally trained to recognize grating acuity patterns, and then 
acuity testing in the non-deprived eye began at twenty-two weeks of 
age. Reverse occlusion and acuity testing after the "critical period," 
for the purpose of exploring any motivational visual function 
recovery, began at thirty-seven weeks of age. 
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INTRODUCTION 
In humans, functional amblyopia has been described clinically 
as reduced visual acuity not correctable by refractive means, in the 
presence of an anatomically intact retinal receptor system and visual 
pathway (1). This non-organic amblyopia ex anopsia results from the lack 
of a clear retinal image, or stimulus deprivation, during an early critical 
period at which time neural development is heavily dependent on 
environmental experience. Stimulus deprivation in humans can result 
from various sources, including anisometropia, ptosis, and cataracts (2). 
Because of obvious research limitations with humans, functional 
amblyopia is best studied using animal models. 
In two landmark papers which would later help them win the Nobel 
prize, Hubel and Wiesel described the organization of receptive fields, 
defined as regions of the visual field capable of illiciting a cellular 
response, for cells of the eat's visual pathway. They found specific 
variables, such as stimulus orientation, to be critical in mapping the 
receptive fields of cortical cells (3,4). However, when they later recorded 
from the visual cortex of four binocularly deprived kittens, their lids 
sutured to prevent any form vision during the first three months of life, 
they found receptive field properties to be very non-specific and 
abnormal in over 30% of responsive cells (5). Four years later P~ttigrew, 
et al., demonstrated that cortical cells of binocularly deprived kittens 
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showed very poor sensitivity to retinal disparity. This contrasts with 
normal cat visual cortex where disparity is extremely fine-tuned (6). 
The most dramatic effects, however, have been observed from 
monocular deprivational studies. Another finding from the originally 
cited works of Hubel and Wiesel showed that 80% of cells in normal visual 
cortex were binocularly driven (3). It was Hubel and Wiesel again who 
showed that early monocular lid suture during an early critical period 
reduced the number of binocularly driven cells in area 17 of cat 
visual cortex. Cortical recordings made after the critical period of 
deprivation revealed a great majority of cells were exclusively driven 
from the non-deprived eye. This was true even though most recordings 
were made from the contralateral cortex, where the deprived eye would 
be expected to be highly represented under normal circumstances (7). 
Of those cells that could be driven from the deprived eye, most were 
dominated by the other eye, and only a tiny fraction were exclusively 
driven by the induced amblyopic eye (8). In another study by Hubel 
and Wiesel, the right medial rectus muscle was severed in four kittens 
shortly after birth (producing exotropia) and the kittens were raised to 
one year of age. At that time recordings from the visual cortex indicated 
that only about 20% of the cells were binocularly influenced (9). In 
their studies of visual cortex, the most abnormal finding Hubel and 
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Wiesel produced was the change in ocular dominance distributions among 
cortical cells. When they recorded from lateral geniculate cells, however, 
they found that cells in layers which received inputs from the deprived 
eye showed severe atrophy and decreased activity (10). Hubel and 
Wiesel concluded that the physiological abnormalities they observed 
resulted from probable defects at several layers of the visual pathway. 
Having observed such plasticity in the visual cortex, researchers 
naturally began to explore questions pertaining to the length of the 
early critical period. Similar monocular deprivation experiments with 
adult cats, even for very extended periods of occlusion, do not produce 
the dramatic visual cortex changes seen in young kittens. Similarly, 
adult onset cataracts do not leave the visual deficiencies, following 
removal, that young children experience after the late removal of 
congenital cataracts. Visual cortex plasticity during the early critical 
period is generally accepted as the explanation for this clinical finding. 
Because of the important human implications, research attention shifted 
to primates, namely the macaque monkey. Wiesel has concluded from his 
work that the monkey's visual cortex is most susceptible to monocular 
deprivation through the first six weeks of life, with decreases in 
sensitivity after this time (11). Crawford, et al., determined that the 
period of susceptibilty extends out to two years of age ( 12). just when is 
this critical period for humans? The precise length of the stage has not 
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been clearly determined, though clinical observations seems to place it 
anywhere before ten years of age, the earlier years being the most 
vulnerable. The term "sensitive period" has evolved more recently. This 
is taken to mean the period of time where amblyopia is expected to occur, 
whereas the "critical period" is a time when amblyopia can occur (13). For 
cats, the critical period may extend out to six months (14). 
Cobb and MacDonald have provided evidence that the critical period 
for meridional amblyopia in humans is before the age of seven. Their 
retrospective study examined twelve high astigmats, each having received 
his or her first optical correction at a different age. Acuity was tested in 
the most and least deprived meridians. They found that those who 
received their initial correction before the age of seven showed 
significantly better acuity through their best correction than those 
initially corrected after their sixth year. They concluded that the end of 
the sixth year marks the end of the human critical period for the 
development of meridional amblyopia. They stressed, however, that this 
age indicates the end of plasticity for only part of the visual system: that 
part responsible for detecting contour orientation ( 15). 
The focus of current amblyopia research is understanding the 
mechanism by which such profound neural changes take place during 
the early period of plasticity. Indeed, these answers may enhance the 
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treatment and possibly the prevention of amblyopia. Hubel and Wiesel 
postulated a model based on competition between geniculostriate axons 
from the two eyes at their convergence on a cortical cell. They suggested 
a reduced ability to compete for postsynaptic membrane space, due to 
a reduction in efficiency, by afferents from the deprived eye (5). Their 
binocular competition theory received support from Sherman, Guillery, 
Kaas, and Sanderson, in 197 4 when they induced retinal lesions in the 
non-deprived eye of kittens reared with monocular lid suture. They 
found that in the area of cortex corresponding to the lesion, a type of 
"competitive interaction'' was removed, and the cells could still be 
excitable through deprived eye input (16). Current thinking today, 
however, is based on a model of binocular inhibition. This theory implies 
that a competition does indeed exist, but not for postsynaptic membrane 
space. The competition is for activity at the postsynaptic membrane. At 
the heart of this theory are the central nervous system neurotransmitters. 
Binocular inhibition, proposed by Duffy, et al., in 1976, is a strongly 
supported theory focusing on the synaptic inhibition of deprived eye 
visual input by non-deprived eye influences. In kittens monocularly 
deprived for the first eight months of life, intravenous bicuculline 
reduced the ocular dominance shift and restored binocularity to 60% 
of visual cortex cells. Bicuculline is a gamma-aminobutyric acid (GABA) 
antagonist, and this research targeted GABA as the chemical mediator 
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of binocular inhibition. Bicuculline's suggested role was as a disinhibitor, 
blocking GABA receptor sites and decreasing GABA inhibitory effects on 
deprived eye afferents (17). In support of this theory, Shaw and Cynader 
found that monocular deprivation resulted in an increased number of 
GABA receptors in cat visual cortex (18). 
Further support for binocular inhibition came when Kratz, Spear, 
and Smith monocularly deprived kittens during the critical period, 
then enucleated the non-deprived eye. Instead of finding less than 10% 
of cells with deprived eye representation, now between 30-40% of cortical 
cells could respond to deprived eye stimulation. They concluded that 
enucleation removed the inhibitory control over deprived eye afferents, 
allowing previously suppressed inputs to activate the visual cortex ( 19). 
It is clear from studies of the catecholamine norepinephrine, and 
the neurotoxin 6-hydroxydopamine (which depletes catecholamines by 
destroying their releasing terminals) that GABA is not the only 
neurotransmitter involved in cortical plasticity. Kasamatsu and Pettigrew 
monocularly deprived kittens, but treated an experimental group with 
intraventricular injections of 6-hydroxydopamine ( 6-0HDA) during the 
critical period. The experimental group showed a significantly higher 
proportion of binocular cortical cells than did the control group, indicating 
that catecholamine depletion preserved binocularity during monocular 
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deprivation (20). Further investigation by Kasamatsu, Pettigrew, and 
Ary showed that, following 6-0HDA perfusion to prevent the effects of 
monocular deprivation, intracortical infusion of norepinephrine restored 
cortical plasticity to the extent of inducing a complete ocular dominance 
shift favoring the non-deprived eye. This study even examined the 
effects of norepinephrine infusion, in combination with monocular 
deprivation, on normal adult cats. They found that even outside the 
critical period, binocularity could be reduced and non-deprived eye 
dominance could be increased, in up to 36% of cortical neurons (21 ). The 
conclusions from these studies strongly point to norepinephrine as playing 
a major role in cortical plasticity. 
In addition to catecholamine requirements, Reiter et al. have 
demonstrated the need for neural conduction in producing the ocular 
dominance shift that results from monocular deprivation. Kittens were 
given cortical infusions of tetrodotoxin (TTX), a sodium channel blocker, 
during their critical period of monocular deprivation. TTX prevents 
sodium influx (and thus synaptic potentials) in neurons. As a result, 
there was no ocular dominance shift which would otherwise be expected 
in the visual cortex of these kittens (22). Thus, neural activity in the 
visual cortex is also necessary for ocular dominance plasticity. 
The exact contributions of GABA and norepinephrine in shaping the 
visual cortex still remain to be studied. The role of attention and 
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motivation, however, may be the most important factor in developmental 
plasticity. Freeman and Bonds have demonstrated that light stimulation 
alone is insufficient to produce modifications of visual cortex in 
anesthetized kittens (23 ). In a related study, Singer found that even alert 
kittens failed to develop experience-related cortex modifications when 
rotation of the globe within the orbit prevented them from attending to 
visual stimuli (24). The absence of attention during development 
produced impaired visual function in the areas of visual orientation, 
reaching, placing, obstacle avoidance, contrast sensitivity, and visual 
acuity. These kittens had received retinal signals (albeit through an 
abnormal ocular posture), but had completely failed to develop efficient 
cortical maturation. Their lack of attention was cited as the reason for 
their visual sense failure. 
Singer offered more direct support for the role of attention in 1982 
from kittens which had been given unilateral lesions of the thalamus (25 ). 
The lesions were made after dark-rearing for the first four weeks of life, 
at which time one eye was sutured shut as well. The kittens were then 
raised in lighted cages, where they proceeded to disregard stimuli 
presented to the hemifield contralateral to the hemisphere which 
contained the lesion. This produced a striate cortex in the hemisphere 
with the lesion which failed to develop normally. It actually developed 
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as if it had been totally deprived of all visual stimuli. When tested, it had 
a low percentage of light reactive cells, and most of these had remained 
binocular. In the hemisphere without the lesion, the striate cortex had 
developed as expected, with most cells being monocularly driven. Though 
both hemispheres received the same retinal stimulation, only the 
attending cortex developed as expected. Singer concludes from his work 
that the maturation of visual function is experience-dependent, and gated 
by attentional mechanisms (26). 
The work of Hubel and Wiesel in the 1960's introduced the basic 
idea that function modifies structure. Further research uncovered key 
neurotransmitter systems sure to play a major role in that modification 
process. It is now clear that the attentionallmotivational state of the 
organism is an important factor in development and maturation. The 
present study examines the effects of motivationally relevant training in 
two monocularly deprived kittens after the termination of the "critical 
period." It is predicted that through positive reinforcement and 
attention, visual cortical plasticity may be increased sufficiently to 
overcome some of the effects of monocular deprivation. 
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METHODS 
Two kittens dark-reared in the Pacific University Animal Research 
facility were subjects for the study. The kittens were kept in complete 
darkeness until four weeks of age. Their cages were kept clean with the 
aid of a red light, as cat spectral sensitivity is lowest for longer wave-
lengths. This same light was used for the insertion and removal of 
polymethyl methacrylate contact lenses, painted black to achieve a 
complete opaque effect. The kittens began wearing the contact lenses 
on the right eye at four weeks of age, for six hours of "play time," five 
days per week, within the lighted animal research facility. During this 
time they were monitored to ensure the contact lens remained in place. 
The kittens also received positive attention, together with human and 
kitten interactions, during "play time." Monocular deprivation continued 
for seven weeks until the kittens were eleven weeks old, at which time 
the training phase was started. 
During the training phase, the kittens continued to wear the contact 
lens on the right eye as they learned to recognize grating acuity patterns 
with their left eye. Training consisted of placing a kitten in one end of a 
suspended wooden tunnel (38 x 17.8 x 10.7 em), with a choice presented 
at the other end. At the end of the tunnel a septum divided two enclosed 
areas, each equipped with a trap door, to which the kitten could jump. 
The trap doors were 39 em above the floor and could be activated by 
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simply removing a metal pin. When a kitten reached the end of the 
tunnel its eyes were 3 7.5 em above the trap doors, where the stimuli 
were placed. Two grating patterns, with spatial frequencies of 0.25 and 
2.0 cycles per degree, were used for the training phase. Each pattern 
was used for four trials, two trials per side, for a total of eight trials 
per day for each kitten. The first choice given the kittens was between a 
grating acuity pattern placed on a closed door, and an open trap door 
with no stimulus. If the kitten jumped to the side with the grating, 
the kitten was verbally commended and shown affection. If the kitten 
jumped to the floor through the open trap door, it remained enclosed 
within the apparatus for thirty seconds and no affection was shown. The 
gratings were randomly placed to the left or right side such that the 
correct choice was never to the same side for more than two consecutive 
trials. About three weeks into the training phase, the open trap door was 
closed. The choice was now between a closed, locked door containing the 
grating, and a closed but readily activated trap door with no visual 
stimulus. If the kittens jumped to the side without the grating, they fell 
through the trap door and onto the floor. A thirty second "time ouf' 
period followed an incorrect choice, during which time the kittens 
remained "trapped" and no attention was given for thirty seconds if this 
wrong choice was made. Finally, a luminance-matched gray photograph 
13 
of identical size and shape to the acuity grating was presented on one 
side, the correct grating stimulus on the other. The trap door was again 
activated each time a kitten jumped to the side with the gray photograph. 
Affection or lack thereof remained the same throughout training. 
The testing phase began following eleven weeks of training with one 
kitten, and after twenty weeks of training with the other. During this 
phase, the kittens were again given a choice between a grating and a 
gray target, but a full range of spatial frequencies was presented, ranging 
from 0.25 to 12.0 cycles per degree. Each was presented with its matched 
gray target on the other side. Both left and right sides were equally and 
randomly represented as the "correct" choice. Both doors remained closed 
and locked regardless of which choice was made, and no affection or 
punishment was given for a choice. Visual acuity, based on the highest 
spatial frequencies the kittens could detect, was determined from the 
testing phase. 
The last phase of the study was reverse occlusion, in which the 
contact lens was switched to the non-deprived eye, and training and 
testing were carried out on the deprived eye. This phase began after 
eleven weeks of testing the non-deprived eye for one cat. The other cat 
never learned to master the testing sequence for the non-deprived eye. 
During the training stage of reverse occlusion, the cat was commended 
and shown affection as before following correct choices. Again, if a wrong 
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choice was made, the cat remained enclosed for thirty seconds and no 
affection was given. 
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RESULTS 
The study was unable to obtain meaningful results with just two 
kittens. Originally, six kittens were to be subjects, but only two survived 
to become such. One of these kittens, despite attentional and motivational 
interaction, consistently jumped to its right side, regardless of which 
target was placed there. For this reason, reversal testing was never 
accomplished with this cat. In addition, time restraints became a factor 
as Pacific University College of Optometry decided to close the animal 
research facility in favor of other uses. As a result of these limitations, 
no conclusive results were obtained pertaining to motivational/attentional 
factors on visual cortex plasticity. 
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DISCUSSION 
As previously discussed, a lack of attention/motivation during 
development can produce devastating results on the visual system, 
even in the presence of light stimulation. Had the present study 
encountered more favorable circumstances, its possible outcomes may 
have included a relationship between attentional/motivational states 
and cortical plasticity. By design, the intent of this study was to produce 
in the kittens a sense of arousal through positive human interaction. 
Graham has defined arousal as an alternation of consciousness in the 
direction of becoming more alert with increased concentration on 
selected stimuli (27). It is the long column of gray matter that runs 
up the spinal cord and through the brainstem known as the reticular 
formation, that is responsible for arousal. It is well known that the 
visual system sends sensory input to the reticular system, but axons 
from the auditory and somatic-kinesthetic systems converge here as well. 
Thus through multi-sensory experience, the reticular formation induces 
heightened levels of arousal and emotion. A single reticular neuron, 
through dendritic branching and spreading, can exert its influence on 
several different areas of the nervous system. Some axons from the 
reticular formation project to the cortex, where biogenic amines such as 
norepinephrine are known to be heavily involved in plasticity. 
Aoki and Siekevitz have examined a possible mechanism by which 
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norepinephrine may act as a "first messenger" in establishing dendritic 
size, shape, and structure within the visual cortex. Binding by 
norepinephrine to cell surface receptors sets in motion the synthesis of 
cyclic adenosine monophosphate (cyclic AMP), a "second messenger!! 
which activates a protein kinase capable of phosphorylating microtubule-
associated protein 2 (MAP-2). MAP-2 is fully phosphorylated before 
the critical period in cats, but the protein is highly dephosphorylated 
after the termination of the critical period. The authors propose that 
MAP-2, a cytoskeletal protein, actually controls dendrite morphology 
and organization. The progressive dephosphorylation of MAP-2 may 
have the effect of stabilizing the neuronal cytoskeleton and synaptic 
modifications, setting up the newly reorganized, "plastic" cortex (28). 
Having discussed the possible effects of attentional and motivational 
stimulation on the nervous system, it is little wonder that these ideas are 
becoming incorporated into modern vision therapy. Indeed, the most 
successful therapy program should be one that stimulates not only the 
visual sense, but all the senses capable of increasing the patient's level of 
attention and motivation. The therapist's challenge becomes identifying 
those behavioral and psychological variables that will best inspire each 
individual patient. By motivationally engaging the patient in training, the 
therapist then opens the doors for vision therapy to produce meaningful results. 
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